The molecular biology of spuma or foamy retroviruses is different from that of the other members of the Retroviridae. Among the distinguishing features, the N-terminal domain of the foamy virus Env glycoprotein, the 16-kDa Env leader protein Elp, is a component of released, infectious virions and is required for particle budding. The transmembrane protein Elp specifically interacts with N-terminal Gag sequences during morphogenesis. In this study, we investigate the mechanism of Elp release from the Env precursor protein. By a combination of genetic, biochemical, and biophysical methods, we show that the feline foamy virus (FFV) Elp is released by a cellular furin-like protease, most likely furin itself, generating an Elp protein consisting of 127 amino acid residues. The cleavage site fully conforms to the rules for an optimal furin site. Proteolytic processing at the furin cleavage site is required for full infectivity of FFV. However, utilization of other furin proteases and/or cleavage at a suboptimal signal peptidase cleavage site can partially rescue virus viability. In addition, we show that FFV Elp carries an N-linked oligosaccharide that is not conserved among the known foamy viruses.
In retroviruses, proteolytic processing of the structural Gag and enzymatic Pol proteins is executed by the virus-encoded protease (6) . In contrast, the Env glycoprotein precursors are considered to be processed by two cellular proteases (8, 13, 19) . The first cleavage occurring in the endoplasmic reticulum (ER) removes the signal peptide (SP). In analogy to cellular secretory or transmembrane (TM) proteins, proteolytic removal of the SP which targets the Env precursor to the secretory pathway via the ER and Golgi apparatus is considered to be performed by cellular signal peptidases (SPases) (for a review, see references 17 and 19) . The second cleavage, which separates the surface (SU) and TM domains, is catalyzed by a member of the furin convertase protease family, often the furin protease itself (8, 28) . Related glycoprotein processing mechanisms also apply to a wide variety of other membrane viruses such as influenza virus and Ebola virus (4) .
The processing of cellular type I membrane proteins (or even polyprotein precursors) by ER-resident SPases has been exploited by many viruses leading to SPs of about 15 to more than 50 amino acid residues independent of whether the protein is of viral or cellular origin (17) . In addition, the SP is rapidly degraded by signal peptide peptidases, a process which is often directly linked to the presentation of the corresponding cleavage products by the major histocompatibility complex I for purposes of immune surveillance (17) .
However, for two distinct foamy retroviruses, namely human and feline foamy virus (HFV and FFV), the 14-to 18-kDa N-terminal Env cleavage product was clearly detectable as a component of released virus particles (11, 14, 15, 35) . We showed that the N terminus of FFV Env, termed the Env leader protein (Elp), is located inside particles, confirming that specific interactions between this part of Elp and Gag can occur (11, 35) . Thus, the unusually large size and intrinsic stability of the N-terminal cleavage product of foamy virus (FV) Env indicate that it is significantly different from the classical SPs of cellular or viral proteins.
The uniqueness of Elp may be related to the fact that FV morphology is clearly distinct from that of the orthoretroviruses, and it is one of the criteria for their systematic placement into a separate subfamily (22) . Recent studies on the genetic relatedness, mode of replication, gene expression, and, in particular, structural and functional aspects of FV morphology, morphogenesis, and Env protein function confirmed their distinct nature compared to orthoretroviruses (22) . FV Env complexes have been visualized as trimeric complexes arranged in hexameric rings on the surface of negatively stained FV particles (34) . Electron microscopy images of a corresponding clearness have not been obtained for any other retrovirus, supporting the view that FV Env complexes are intrinsically stable. In line with these findings, recent data even indicate that the full-length FV Env has the intrinsic capacity to direct budding of virus-like particles independent of Gag or any other viral protein (25) . Finally, Elp, as a component of the released infectious virion, is absolutely required for particle budding (15, 20) .
These data indicate that Elp not only has the function of a classical SP directing the viral Env proteins into the secretory pathway but also mediates Env-Gag interactions essential for particle release (35) . The large size of Elp (about 16 kDa), significantly exceeding that of known SPs, and the absence of consensus motifs for cellular SPases at the appropriate position indicate that proteolytic processing of FV Elp is unique.
Indeed, we recently provided evidence that a second virionassociated N-terminal FFV Env protein of 9 kDa is generated by cellular signal peptidases (11) at a site already predicted by sequence comparisons (33) .
By comparative sequence analysis, we identified a furin recognition sequence RXXR2D (the cleavage site is marked by the arrow) in all known FV Env sequences at about Env residue 130. In FFV, the sequence RRRR2 even corresponds to a site predicted to be very efficiently processed by furin. Furin and other members of the Golgi-resident protein convertase protease family are known to cleave retroviral and nonretroviral glycoprotein precursors (28) . In retroviruses, this cleavage separates the SU and TM domains of Env, an event that is absolutely required for induction of membrane fusion by TM after SU-mediated receptor recognition (3, 8, 13) .
In this study we show that, in contrast to orthoretroviruses, furin itself or a furin-like protease processes the FV Env glycoprotein precursor at two distinct sites, resulting in the mature FV Elp, SU, and TM proteins.
MATERIALS AND METHODS
Virus and cell culture techniques. 293T cells, Crandell feline kidney (CRFK) cells, and FFV-FAB titration cells were grown as reported previously (36, 37) . FFV isolate FUV was propagated as described previously (36) . Furin-deficient human LoVo cells (kindly provided by H. Fickenscher, Heidelberg, Germany) were propagated in RPMI medium supplemented with 10% fetal calf serum (27) . Transfection of recombinant DNA into 293T and LoVo cells was performed by calcium coprecipitation (32) or by using Lipofectamine 2000 according to the manufacturer's instructions (Invitrogen, Karlsruhe, Germany).
Purification of released FFV particles. Cell culture supernatants from FFVinfected CRFK cells were harvested 5 days postinfection when the cells displayed FFV-induced cytopathic effects. Supernatants were cleared by centrifugation at 400 ϫ g for 7 min and at 3,000 ϫ g for 30 min, then filtered through 0.45-mpore-size filters, and centrifuged through 5 ml of 20% (wt/vol) sucrose in phosphate-buffered saline for 2 h at 24,000 rpm in an SW28 rotor (Beckman, Munich, Germany). The resulting pellets were gently resuspended in phosphate-buffered saline at 4°C (34) .
For preparative purification of FFV Elp, supernatants from 25 150-cm 2 flasks of FFV-infected CRFK cells harvested 5 days postinfection were used to enrich FFV particles by centrifugation through sucrose and banding in Optiprep as described previously (11) . The pelleted virions were denatured, deglycosylated in 100 l with 1 U of PNGase F (see below), and separated on precast 12% NuPAGE gels (Invitrogen). After nondestructive silver staining (26) , the virusspecific band comigrating with the 16.5-kDa marker protein was excised, eluted, washed, digested with trypsin or chymotrypsin, and analyzed by mass spectrometry (MS) (see below).
Deglycosylation. Before digestion of protein samples with the N-glycosidase PNGase F (New England Biolabs, Frankfurt, Germany) and O-glycosidase (Roche, Mannheim, Germany), samples were denatured in 0.5% sodium dodecyl sulfate (SDS) and 1% 2-mercaptoethanol for 10 min at 100°C (16, 30) . To avoid enzyme inhibition by SDS, samples were diluted fivefold and adjusted with 1% NP-40 and 50 mM sodium phosphate, pH 7.5 (30) . Reactions were performed at 37°C as indicated.
Furin digestion and inhibition of furin activity. Proteins were digested with furin according to the manufacturer's instructions (New England Biolabs) in 100 mM HEPES-KOH (pH 7.5), 0.5% Triton X-100, 1 mM CaCl 2 , and 1 mM 2-mercaptoethanol. The furin inhibitor (FI) decanoyl-Arg-Val-Lys-Arg-chloromethylketone (dec-RVKR-cmk; Bachem, Heidelberg, Germany) was dissolved in dimethyl sulfoxide (DMSO) as a stock solution of 7.4 g/l (9, 10). For use in FFV-infected CRFK cells, the cell culture medium was supplemented with 1 mM HEPES-KOH (pH 7.5) and dec-RVKR-cmk was used at a final concentration of 14.8 g/ml. The FI-containing medium was changed twice a day, and the used medium was pooled for purification of released particles. During in vitro protein expression, dec-RVKR-cmk was used as specified.
Molecular cloning and plasmids. To functionally inactivate the furin recognition site in the infectious FFV provirus, a fusion PCR-mediated mutagenesis was performed as described previously (1) . FFV Env sequences were amplified by PCRs with primers F6550s (5Ј-TCAATAGTTACCTTGAGTACA-3Ј) plus ⌬RRa (5Ј-GGTATTGTATATCAGATCTCCGCGAGGAGGAAGAGGAAG TATTTCC-3Ј; altered residues are underlined, and numbers refer to the 5Ј end of the primers in the FFV genome) (36) and ⌬Rs (5Ј-CGGAGATCTGATAT ACAATACCACAAAC-3Ј) plus F7325a (5Ј-GCAAAGGATTGTTGTACCGA-3Ј) with cloned pFeFV-7 DNA as the template (37) and the proofreading polymerase Pfu (Stratagene, Amsterdam, The Netherlands). The gel-purified PCR products were combined and used as a template for a final PCR with primers F6550s and F7325a. The amplicon of about 800 nucleotides (nt) was digested with AflII and PmlI and inserted into the correspondingly digested FFV genome pFeFV-7 (37) . Independent correct clones were identified and designated pFeFV-ARRA.
For in vitro expression of FFV Env, env and bel sequences were excised from pFeFV-7 with BsrGI (nt position 6169) and XbaI (nt position 9958) and inserted into the Acc65I-and XbaI-digested vector pBluescriptSKϩ (Stratagene), generating plasmid pBl-FFV-Env. To truncate the FFV env sequences in pBl-FFVEnv after residue 146, the N-terminal 146 residues of Elp were amplified by PCR with primers Env-s (5Ј-GCTCATGATGGAACAAGAACATGTG-3Ј; the introduced BspHI site is underlined) and Elp-as (5Ј-GGAATTCTCAACCTTGTGG GATCCCTGA-3Ј; the introduced EcoRI site is underlined). The amplicon was digested with SalI (nt position 6393) and inserted into the SalI-and Ecl136II-digested vector pBl-FFV-Env. The truncated clone was designated pBl-FFVEnvN.
The eukaryotic FFV Env expression plasmid pBC-FFV-Env was constructed by PCR with pFeFV-7 DNA as a template, Pfu polymerase, and primers 6319s (5Ј-GCCACCATGGAACAAGAACATGTGATGAC-3Ј) and 9267as (5Ј-GGC CCCCGGGTTATTGGTCCTTCTTCCGGGTA-3Ј; the XmaI site is underlined). The amplicon was digested with XmaI and inserted between the bluntended HindIII and XmaI sites of vector pBC12CMV (7) .
Plasmid pSG-furin, driving the expression of bovine furin, and the empty vector backbone pSG5, together with a rabbit serum directed against bovine furin, were obtained from Wolfgang Garten, Marburg, Germany (23) .
In vitro expression and processing of radioactively labeled Elp. The expression of pEnvN from the recombinant plasmid pBl-FFV-EnvN was conducted in the TNT coupled reticulocyte lysate (Promega, Mannheim, Germany) by using the prokaryotic T7 promoter located directly upstream of the FFV env sequences. TNT reactions were run with and without canine microsomes, according to the manufacturer's protocol (Promega). Proteins were labeled by incorporation of [ 35 S]methionine (Amersham Biosciences, Freiburg, Germany) during translation. Samples were separated by polyacrylamide gel electrophoresis (PAGE), and the gel was treated with Amplify (Amersham Biosciences), dried, and exposed to X-ray films.
Immunoblotting. Sampling of cellular and viral antigens and immunoblotting of proteins separated on denaturing gels with antisera against FFV proteins and cat serum 8014 by enhanced chemiluminescence (ECL) were as described previously (1, 2, 35) .
MS analysis of proteolytically digested proteins. Silver-stained protein bands from SDS gels were repeatedly washed with water, 40 mM ammonium bicarbonate-ethanol (1:1, vol/vol), reduced with 10 mM dithiothreitol at 56°C for 1 h, and alkylated with 55 mM iodoacetamide at 25°C for 30 min in the dark. After alkylation, gel bands were repeatedly washed with 40 mM ammonium bicarbonate and ethanol, dehydrated with 100% acetonitrile, and air dried for 15 min. Digestion with trypsin (10 ng/l) was performed in 40 mM ammonium bicarbonate at 37°C overnight. When chymotrypsin was used, the bicarbonate buffer was replaced with 100 mM Tris-HCl (pH 7.8) for reduction, alkylation, and washing of protein bands. Digestion with chymotrypsin (17 ng/l) was carried out in 100 mM Tris-HCl (pH 7.8) and 10 mM CaCl 2 at 25°C for 3 h.
Matrix-assisted laser desorption ionization (MALDI) mass spectra were recorded in the positive-ion mode with delayed extraction on a Reflex II (BrukerDaltonik) time of flight (TOF) instrument equipped with a SCOUT-26 inlet and a 337-nm nitrogen laser. Mass spectra were obtained by accumulation of 50 to 200 individual laser shots. Calibration of the spectra was performed internally by a two-point linear fit by using the autolysis products of trypsin at an m/z of 842.50 and an m/z of 2,211.10 or chymotryptic autolysis products at an m/z of 705.47 and an m/z of 1,783.88.
For the MS analysis of tryptic and chymotryptic digests, MALDI samples were prepared by reverse-phase extraction by using ZipTip C 18 according to the manufacturer's instructions (Millipore). Elution and spotting onto individual spots on the target were obtained with a 50% acetonitrile-water solution saturated with ␣-cyano-4-hydroxycinnamic acid (21) .
Postsource decay analysis was performed in the positive-ion reflector mode with delayed extraction by setting an ion gate width of 40 Da around the ion of interest. Data were acquired in 14 segments by decreasing the reflector voltage in a stepwise fashion. For each segment, 100 to 200 individual laser shots were accumulated. The fragment ion spectrum was obtained by pasting together all segments to a single spectrum by using the FAST software provided by Bruker. Fragment ion calibration was performed externally with the fragment masses of the adrenocorticotropic hormone 18-39 clip (12) .
RESULTS

Identification of a furin consensus site in the N terminus of FFV Env.
A recognition site for a cellular furin protease, RRRR2X (Fig. 1A) , is located between FFV Env residues 124 and 128, with the cleavage predicted to occur between residues 127 and 128. To study whether this sequence can be cleaved by the prototypic furin protease, the synthetic peptide NH 2 -TSSSSRRRRDIQYHK-COOH (the furin recognition motif is in boldface type; Peptide Specialty Laboratories GmbH, Heidelberg, Germany) encompassing FFV Env residues 119 to 133 (Fig. 1A ) was subjected to furin cleavage. Reaction products were analyzed by MALDI-MS. Whereas the substrate peptide at an m/z of 1,876.99 was no longer detectable upon furin digestion, an ion signal at an m/z of 1,092.64, corresponding to the N-terminal sequence TSSSSRRRR was clearly detectable, confirming the presence of the predicted furin cleavage site (data not shown). The C-terminal cleavage product (m/z of 803.41) was not detectable due to the presence of strong ion signals in this mass range originating from detergent in the cleavage buffer (5) . No other cleavage product could be observed in the corresponding MALDI spectrum.
Characterization of in vitro-synthesized Elp. To substantiate the furin-mediated processing of the FFV Env peptide, we used a eukaryotic in vitro transcription and translation system (TNT; Promega) to generate a radioactively labeled N-terminal Env protein for biochemical analyses. For this purpose, FFV Env residues 1 to 146 covering the furin consensus site were cloned 3Ј of the T7 RNA polymerase promoter in the pBluescriptSKϩ vector and used for in vitro Env expression. The encoded pEnvN protein encompassing Env residues 1 to 146 corresponds in size to that predicted for HFV Elp (Fig.  1A) (15) .
Initially, TNT reactions were run with and without pBl-FFVEnvN template DNA. Reactions with the Env template followed by gel electrophoresis and autoradiography yielded a clear band with an apparent molecular mass of 14 kDa and no reaction products in the absence of the Env template DNA (data not shown). To investigate whether the in vitro-synthesized 14-kDa pEnvN can be processed by furin, pEnvN TNT reactions were supplemented with furin, incubated at 30°C for 2 h, and analyzed (Fig. 1B, lanes 1 to 4) . During furin incubation, pEnvN was processed to pEnvN‫ء‬ of about 12 kDa ( Elp proteins]). This processing was specifically abolished by the addition of the furin inhibitor (FI) dec-RVKR-cmk (10) (data not shown), confirming the presence of a cleavable furin site in FFV pEnvN. Modification of in vitro-synthesized Elp. To study the modification and processing of Elp, TNT synthesis of pEnvN was performed in the presence of microsomes. Microsomes are membrane vesicles derived from the ER and the Golgi apparatus known to contain enzymes required for the processing and modification of retroviral Env glycoproteins (13) .
The major TNT translation product generated in the absence and presence of microsomes (Fig. 1C, lanes 1 and 2) was the 14-kDa pEnvN protein. The reaction with microsomes clearly resulted in two additional bands of 19 and 23 kDa (Fig.  1C, lane 2, gp1EnvN and gp2EnvN; Fig. 2B ). Both bands were completely sensitive to digestion with the N-glycosidase PNGaseF (lane 3). The detection of two distinct N-glycosylation products of pEnvN directly corresponds to the presence of two potential N-glycosylation sites at Env residues N118 and N139 in the recombinant pEnvN (Fig. 1A) . The glycosylation site at N139 is C-terminal to the furin cleavage site and should thus not be present in the mature Elp that is expected to extend only to R127. Further processing was not detectable in TNT reactions supplemented with microsomes.
In vitro-derived Elp is similar to that from FFV particles. TNT reactions supplemented with microsomes were performed in the presence and absence of furin to mimic the situation in FFV-infected cells. Without furin, the primary translation product pEnvN and the two different N-glycosylated forms gp1EnvN and gp2EnvN were present ( Fig. 2A,  lanes 1 and 2, and Fig. 2B ). All three bands almost completely disappeared upon addition of furin (lanes 3 and 4) . Instead, Env proteins (top) and the pEnvN-derived proteins generated in TNT reactions (bottom). The sizes of the different proteins starting at Env residue 1 are schematically given by the size of the bars. The C termini were generated either by furin, SPase, or a stop codon in the TNT template DNA, as indicated. Protein modifications by glycosylation are marked by asterisks. For each protein, the name and its apparent molecular mass are given. Note that gp16
Elp and p16 Elp⌬ are identical to gpEnvN‫ء‬ and pEnvN‫,ء‬ respectively. two strong bands corresponding in size to the virion-derived glycosylated Elp (designated gpEnvN‫)ء‬ as well as the 12-kDa furin cleavage product pEnvN‫ء‬ derived from the unglycosylated pEnvN appeared (Fig. 1B) . Reaction products marked by asterisks (Fig. 2B) had been generated by furin, since the FI dec-RVKR-cmk (but not the solvent DMSO) (lane 4) completely suppressed these bands (Fig. 2A, lane 5) .
To directly compare the in vitro-processed Elp protein with the authentic, virion-derived Elp, we performed pEnvN TNT reactions with microsomes and furin and analyzed the reaction products in parallel with Elp from FFV particles subjected to in vitro furin digestion (Fig. 3) . The in vitro-generated pEnvN proteins were visualized by autoradiography, whereas the virion-derived Elp and p9
Env were detected by immunoblotting with the Elp serum. Alignment of the images and comparisons with the marker proteins separated in parallel show that the in vitro-generated gpEnvN‫ء‬ perfectly comigrates with the virionderived mature Elp protein (Fig. 3, lanes 2 and 3) , consistent with their identical molecular structures, depicted in Fig. 2B .
For HFV, Elp was suggested to extend about 20 residues beyond the furin site described here (15) . FFV Elp is unlikely to exceed the furin site, since furin treatment of FFV particles (under conditions suited for the complete digestion of the engineered pEnvN) did not result in detectable digestion of Elp (Fig. 3, lane 4) .
Inactivation of the N-terminal furin consensus site in FFV Env results in reduced Elp amounts.
The function of the furin consensus site RRRR2D (Fig. 1A) , located between FFV Env residues 127 and 128, was analyzed in the proviral context. To this end, the two arginine residues (Fig. 1A) essential for furin cleavage (28) were converted to alanines, as indicated.
The R-A substitution ARRA was introduced into the fulllength infectious FFV DNA clone pFeFV-7 to study the phenotype of these exchanges on the replication of the resulting pFeFV-ARRA mutant.
FFV mutant pFeFV-ARRA, wild-type (wt) clone pFeFV-7, and pUC18 control DNA were transiently transfected in duplicate into 293T cells. Three days after transfection, syncytium formation of clone pFeFV-ARRA was clearly reduced relative to the wt genome. At this time, released FFV particles were enriched by sedimentation through 20% sucrose. Equal volumes of the particles were analyzed by immunoblotting. As determined with cat serum 8014 (2), the processing of Gag and Pol proteins was not affected by the mutation. However, the overall yield of particles was reduced (data not shown). Using an Elp-specific antiserum, the authentic 16-kDa Elp (also designated gp16
Elp ) and the 9-kDa N-terminal Env SP p9 Env (11) were detectable in pFeFV-7-transfected cell culture supernatants (Fig. 4, lane 7) . In supernatants from pFeFV-ARRAtransfected cells (Fig. 4, lane 8) , the concentration of the authentic Elp was reduced to trace amounts, whereas the intensity of the p9
Env SP was only moderately decreased. However, an Elp-reactive protein of about 83 kDa was now detectable. Provided that the R-A mutations had inhibited the proteolytic release of Elp, this novel 83-kDa protein should represent the Elp-SU fusion protein (as indicated). In line with this assumption, the 83-kDa Elp-SU fusion protein was also detected with an FFV Elp-SU antiserum (data not shown). Correspondingly, the mature Elp was not detectable in lysates of pFeFV-ARRA-transfected cells, whereas it was visible in wt-transfected cells (Fig. 4, lanes 2 to 5) . Again, the 83-kDa Elp-SU was exclusively present in pFeFV-ARRA-transfected cells. The unprocessed Env precursor of about 130 kDa was 5) . Cellular extracts were harvested 3 days posttransfection, and equal amounts of proteins were subjected to immunoblotting with the Elp-specific antiserum. In parallel, particles were concentrated from the pooled supernatants of the cells and analyzed on the same gel (lanes 7 and 8). pUC18-transfected cells served as controls (lanes 1 and 6) . The Elp-related proteins p9
Env and gp16 Elp and the Elp-SU fusion protein were detected by ECL. Lanes 1 to 5 were intentionally overexposed to detect FFV Elp, p9
Env , and the Elp-SU fusion protein. The FFV infectivity released from the cells was determined. The titer of the pFeFV-ARRA mutant was reduced 4-to 20-fold compared to the parental wt clone pFeFV-7.
Inhibition of Elp processing by an FI. We next utilized the FI dec-RVKR-cmk to inhibit FFV Env processing (10) . FI dec-RVKR-cmk is also active against other members of the furin convertase protease family (9, 10) . Since furin or a furinrelated protease was recently shown to mediate cleavage of HFV Env to yield the SU and TM proteins (3), we used inhibition of the FFV SU-TM cleavage as an independent measure for the efficiency of the inhibitor. CRFK cells were infected with FFV and incubated from 4 to 72 h postinfection in the presence of 7.4 g of dec-RVKR-cmk/ml. FFV-infected CRFK cells not treated with FI served as controls. Released particles were enriched from the cell culture supernatants by sedimentation through sucrose, and equal volumes of the particles were analyzed by immunoblotting. In supernatants from untreated cells, only the mature Elp and the SP p9
Env were detectable with the Elp antiserum (Fig. 5A, lane 1) . In contrast, the addition of FI led to decreased Elp concentrations, whereas the unprocessed 130-kDa Env precursor and the 83-kDa Elp-SU became visible (lane 2). Both fusion proteins were absent in the sample not treated with FI (lane 1).
When the cell-associated viral proteins were detected with the Elp antiserum, a reduced processing at the Elp-SU cleavage site leading to a decreased Elp concentration was again detectable in the FI-treated sample (Fig. 5B) . The data show that the FI led only to a partial inhibition of furin-mediated FFV Env processing in infected cells.
We next confirmed that the virion-associated Elp-specific protein of 83 kDa detectable upon mutagenesis of the furin consensus site and the protein induced by the FI inhibitor dec-RVKR-cmk have identical molecular masses, arguing that they represent the Elp-SU fusion protein. For this purpose, pFeFV-ARRA-derived particles and FFV virions obtained after partial furin inhibition were separated on the same gel and detected with the Elp antiserum (Fig. 5C) . The 83-kDa Elpreactive protein generated upon FI treatment of FFV-infected cells and that from pFeFV-ARRA particles (lanes 1 and 2) comigrate, supporting the view that both represent the Elp-SU fusion protein.
FI treatment resulted in an about 10-fold decrease of the viral infectivity in the cultures treated with dec-RVKR-cmk. The moderate decrease in titer is probably related to the fact that only a partial inhibition of the furin activity was achieved under the conditions used.
In line with these data and supporting the view that furin itself is responsible for the release of Elp, furin-deficient human LoVo cells (27) exhibit a clearly detectable degree of FFV Elp processing (data not shown) only after overexpression of bovine furin (which is almost identical to human furin) (23, 31) .
N118 glycosylation of virion-derived Elp. Since we wanted to characterize the C terminus of Elp by MS analysis of proteolytic fragments, it was important to determine whether Elp derived from particles is glycosylated. To this end, enriched FFV particles were lysed in denaturation buffer and then incubated with O-glycosidase (Fig. 6, lanes 2 to 4) and the Nglycosidase PNGaseF (lanes 5 to 7). Only after N-glycosidase treatment did the size of Elp decrease from 16 kDa to about 12 kDa (designated p16 Elp⌬ ), comparable in size to pEnvN‫ء‬ generated by furin digestion of in vitro-synthesized, unglycosylated pEnvN ( Fig. 1B and 2B ). This result points to a single Nglycosidic modification of the virion-derived mature Elp at residue N118 (Fig. 1A) and to no detectable O-glycosylation.
Digestion with N-and O-glycosidases did not affect p9
Env ; thus, the N-terminal SP of Env is unglycosylated, in line with the lack of glycosylation sites in p9
Env . Since the deglycosylated Elp did not comigrate with p9
Env , it is unlikely that p9
Env represents an unglycosylated Elp, as has been suggested for HFV (15) . The MS analysis described below also did not yield further evidence for O-glycosylation or palmitylation at the conserved C60 residue. MS analysis of virion-derived FFV Elp. To finally confirm that the FFV Env precursor is proteolytically processed at the furin site between Env residues 127 and 128 in infected cells, FFV particles were purified from about 400 ml of cell culture supernatants of FFV-infected CRFK and deglycosylated with PNGase F. Using preparative SDS-PAGE, the virus-specific band of 16.5 kDa was isolated, subjected to protease digestion, and analyzed by MALDI-TOF (MS). Peptide mass fingerprinting after tryptic and chymotryptic cleavage of the deglycosylated protein band and subsequent analysis by MALDI-MS unequivocally identified the protein as Elp (Fig. 7) . None of the identified fragments extended to R127, whereas sequences C-terminal of R127 were not detected, in line with the data that FFV Elp terminates at this residue. Moreover, tryptic cleavage after deglycosylation yielded a peptide at an m/z of 3,138 corresponding to Env 95 to 124. This fragment showed an increase in mass by ϩ1 Da, indicating that one asparagine residue was converted to aspartic acid upon deglycosylation. Sequencing by MALDI-postsource decay analysis mapped the glycosylation to N118, which is in agreement with the predicted position. However, the direct confirmation of the predicted cleavage site after chymotryptic digestion of Elp was not suc- 
DISCUSSION
In the present paper we describe a novel mechanism for the proteolytic release of the N-terminal domain of a surface glycoprotein that is targeted via the ER and Golgi to the cell surface. In many instances, N-terminal signal peptides are required for targeting of secreted or membrane-anchored cellular and viral proteins into the secretory pathway (17) . In general, signal peptides are rapidly and efficiently removed from the nascent protein chain by cellular SPases followed by further processing by signal peptide peptidases. In contrast, during synthesis and maturation of FFV Env, this routine pathway of glycoprotein processing is only used to a small extent and yields the minor cleavage product FFV p9
Env . This situation appears to be similar to that of human immunodeficiency virus type 1 Env, where SP removal appears to be inefficient and delayed (for a review, see reference 17). In HFV, a smaller Elp form of 14 kDa was proposed to represent the unglycosylated form of the full-length Elp of 18 kDa (15) and not to be an alternative SPase cleavage product, as in FFV. The low-level processing of FFV Env by cellular SPases may be directly related to the fact that algorithms suited for identification of SPase cleavage sites (18) yield only low scores for SPase processing at the p9 Env cleavage site of the known FV Env proteins (data not shown).
By cumulative evidence obtained from (i) in vitro cleavages of synthetic peptides and recombinant proteins, (ii) furin inhibitor studies, (iii) transcomplementation studies of furindeficient LoVo cells, and (iv) functional inactivation of the cleavage site, we identified furin or a related furin-like protease as the major processing enzyme. The direct identification of the Elp C terminus by MS of chymotryptic fragments was not possible, since no fragment with the corresponding mass could be detected in the mass spectra. This may be due to inherent limitations of MALDI-TOF (MS), since this method allows only a partial sequence coverage of the fragments generated (24) . Furthermore, tryptic digestion (cleavage C-terminal of R and K) is not suitable to determine whether a furin cleavage does occur within this arginine-rich domain. Determination of the molecular mass of intact Elp by MS without proteolytic digestion could principally be an alternative method for the identification of the C terminus. However, for this approach, substantial amounts of highly purified Elp protein in solution are needed, which is far beyond the amount that could be isolated from FFV particles. Therefore, the predicted C terminus was indirectly confirmed by using a synthetic peptide spanning the predicted cleavage site in Elp and by subsequent analysis of the cleavage products by MALDI-MS.
The furin site separating FFV Elp and SU is conserved in all known FVs. The consensus sequence RXRR of feline, equine, and bovine FVs corresponds to a high-affinity site (28) , whereas in the primate FVs, the minimal furin site RXXR is trebled in simian foamy virus type 1, doubled in the prototypic HFV, and present only once in simian foamy virus type 3 (for comparison, see references 29 and 33). For HFV, processing by an unknown cellular protease at a site about 20 amino acid residues downstream of the furin site identified here had been recently suggested (15) . Unpublished data by the same group on HFV now support our finding that furin is responsible for Elp processing (Dirk Lindemann, personal communication). Due to the conservation of the furin sites in all known FVs and since the mature FFV Elp derived from purified particles was not further cleavable by furin under conditions allowing efficient processing of the oversized recombinant pEnvN, we conclude that the FV Elp proteins of 18 kDa (in HFV) (see reference 15) to 16 kDa (in FFV) are exclusively generated by furin or furin-like proteases.
Furin and furin-like proteases are ubiquitously expressed, and often, more than a single furin family member is expressed in a given cell (28) . For instance, furin-deficient LoVo cells (27) release small amounts of infectious FFV upon transfection with wt proviral DNA clones, indicating that the essential SU-TM cleavage had been executed by another furin-like protease. The involvement of alternative proteases (e.g., SPases) or the utilization of other furin-like proteases with reduced susceptibility toward the inhibitor used and/or relaxed cleavage site specificity may be the reasons for the remaining infectivity detected upon mutagenesis of the cleavage site in FFV and HFV (Dirk Lindemann, personal communication). Alternatively, release of Elp/p9
Env may not be required for FV infectivity, and the Elp-SU fusion protein may support viral infectivity. The assumption that proteolytic processing of the N terminus of FFV Env by furin (and to a much lower degree by SPases) is not necessary for virus replication appears unlikely, since Env of released FFV particles is fully processed at both the Elp-SU and SU-TM sites (35) . However, the residual, poorly efficient processing of FFV Env by cellular SPases (see also reference 11) may be sufficient to maintain a reduced level of infectivity seen when the major cleavage site used by furin had been inactivated by mutagenesis. In line with the latter argument, our analyses show that complete proteolytic processing of Env is not a prerequisite for particle release (Fig. 4 and 5), and it is thus possible that particles containing only some properly processed Env proteins display even almost wt infectivity.
As reported previously (11) and in agreement with the data presented here, FV particles contain high concentrations of the 16-kDa Elp but low levels of the 9-kDa FFV Env SP. The N-terminal sequences extending into the cytosol before budding and thereafter into the virion are identical for both proteins. Thus, the N-terminal Env sequences interacting with Gag during budding are present in both proteins (35) . However, the ectodomain of Elp is significantly larger than that of the SP, and its absence may contribute to the reduced infectivity. The membrane-proximal Elp ectodomains of the known FVs show some sequence homology, in particular, two conserved Trp residues may be of functional importance. The external part of Elp could, for instance, be important for the proper assembly and arrangement of the Env trimers on virus particles (34) .
From the data presented in this study, it is not clear why, in contrast to the Orthoretrovirinae, the primary N-terminal processing of FV Env is executed by furin or a furin-like protease and not by a canonical SPase. However, according to published data, the N terminus of FV Env does not only function as a signal peptide but also contributes to morphogenesis and particle release (15, 35) . This gain of function may have led to an increased size of Elp far exceeding that of canonical SPs. In consequence, as Env processing by cellular SPases became inefficient, alternative processing by furin proteases allowed release of Elp and circumvented signal peptide peptidase-mediated destruction of this essential protein. The utilization of furin for the processing of Elp may have been favored by the fact that furin or related proteases were already engaged in Env processing, obviating the need to establish new targeting and trafficking mechanisms.
